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Melatonin synthesis: arylalkylamine N-
acetyltransferases in trout retina and pineal

organ are different
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Serotonin N-acetyltransferase (AANAT) is the ®rst enzyme in
the conversion of serotonin to melatonin. Changes in AANAT
activity determine the daily rhythm in melatonin secretion.
Two AANAT genes have been identi®ed in the pike, pAANAT-
1 and pAANAT-2, expressed in the retina and in the pineal,
respectively. The genes preferentially expressed in these tissues
encode proteins with distinctly different kinetic characteristics.
Like the pike, trout retina primarily expresses the AANAT-1
gene and trout pineal primarily expresses the AANAT-2 gene.
Here we show that the kinetic characteristics of AANAT in

these tissues differ as in pike. These differences include optimal
temperature for activity (pineal: 128C; retina: 258C) and relative
af®nity for indoleethylamines compared to phenylethylamines.
In addition, retinal AANAT exhibited substrate inhibition,
which was not seen with pineal AANAT. The kinetic differ-
ences between AANAT-1 and AANAT-2 appear to be de®ning
characteristics of these gene subfamilies, and are not species
speci®c. NeuroReport 11:255±258 & 2000 Lippincott Williams
& Wilkins.
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INTRODUCTION
In ®sh, the photoreceptor cells of the retina and of the
pineal organ produce melatonin on a rhythmic 24 h sche-
dule [1]: biosynthesis and release are usually low during
the day and high at night. These rhythms result from
changes in the activity of acetyl CoA:arylalkylamine N-
acetyltransferase (AANAT; EC 2.3.1.87), which converts
serotonin to N-acetylserotonin [2,3]. There are two AANAT
genes in ®sh, including pike [4] and trout [5,6], termed
AANAT-1 and AANAT-2. Analysis of pike tissues and of
recombinant pike AANAT-1 and AANAT-2 indicates that
AANAT-1 is preferentially expressed in the retina and
AANAT-2 is preferentially expressed in the pineal organ;
in addition, the enzymes encoded by these genes have
distinctly different kinetic characteristics, including differ-
ent temperature optima and different relative af®nities for
indoleethylamines and phenylethylamines [4,7]. AANAT-1
exhibits substrate inhibition, whereas AANAT-2 does not
[4,7].

We are generally interested in the mechanisms which
regulate AANAT activity and have a special interest in

analysis of trout AANAT because it differs from that of
pike and most other species. In most vertebrates, an
internal clock is involved in the regulation of AANAT
activity [1]. However, the trout represents a relatively
uncommon regulatory system because no clock is involved
[1]: AANAT activity appears to be regulated entirely by
environmental lighting and does not exhibit a circadian
rhythm in constant darkness. These and other differences
in regulation have stimulated us to initiate an analysis of
the regulation of trout AANAT activity in the pineal organ
and retina. As indicated above, AANAT activity in the pike
pineal organ, encoded by AANAT-2, differs from that in
the retina encoded by AANAT-1 [5]. Accordingly, to study
AANAT activity in the trout pineal organ and retina it is
necessary to ®rst characterize the enzymes expressed in
these tissues. The results of this effort are presented here.

MATERIALS AND METHODS
Animals: Female rainbow trout (Oncorhynchus mykiss,
Teleost) with body weights ranging from 250 to 300 g,
originated from a commercial hatchery. They were main-



tained in oxygenated recycled ®ltered pond-water under
conditions resembling their natural habitat with respect to
temperature and illumination (1000 lux intensity at the
water surface). The animals were placed in the dark at
midday and killed 6 h later under dim red light. The pineal
organs and retinas were removed, frozen in liquid nitrogen
and stored at ÿ788C.

AANAT activity assay: Typically, each experiment used
20 pineal organs or ®ve retinas. Pooled organs were
sonicated in 0.2 M phosphate buffer (pH 6). Proteins were
quanti®ed in an aliquot of the homogenate [8]. Homoge-
nates were then centrifuged for 30 s at 5000 3 g and 48C.
Supernatants were kept on ice (no more than 5 min) until
assayed for AANAT. The assay is a modi®cation of a
published method [7]. Typically a 50 ìl sample of the
homogenate (i.e. 100±150 ìg pineal proteins or 400-500 ìg
retinal proteins) was added to 50 ìl of a solution containing
tryptamine (Sigma, France), acetyl-CoA (Boehringer Man-
nheim, France) and [3H]acetyl-CoA (Dupont NEN, France;
®nal sp. act. 4 mCi/mmol). The incubation time was 30 or
40 min. Other conditions are described in Results and in
®gure legends. Preliminary studies indicated that the
optimal temperature for pineal AANAT activity was 128C,
and that for retinal AANAT activity was 258C. Accord-
ingly, the corresponding temperatures were used to assay
the enzymes from these tissues. The reaction was stopped
by the addition of 1 ml chloroform (48C). Acetylated
products were extracted, and radioactivity was counted, as
described previously [7]. All data are presented as the
mean of duplicate determinations from one representative
experiment (out of 2 or 3); statistical analysis and curve
®tting has been detailed elsewhere [7].

RESULTS
Linearity of AANAT activity as a function of protein
concentration (not shown): Pineal AANAT activity
(pmol/h of [3H]acetyl-tryptamine formed) was linear with
homogenate protein amounts ranging from 20 to 160 ìg;
retinal AANAT activity increased linearly with protein
concentrations ranging from 150 to 500 ìg.

Linearity of AANAT activity with time (Fig. 1): After an
initial 10±15 min lag, pineal AANAT activity and retinal
AANAT activity increased linearly with increasing incuba-
tion times up to 60 min (pineal, r2� 0.96, slope�
0.18� 0.01) or to 120 min (retina, r2� 0.99, slope� 0.015�
0.0003). The reasons for the presence of a lag phase before
the steady-state rate was obtained have been extensively
discussed elsewhere [9].

Temperature of incubation (Fig. 2): AANAT activity was
assayed at temperatures ranging from 48C to 508C. Pineal
homogenates showed a relatively sharp maximum at about
10±128C. Retinal homogenates displayed a broader opti-
mum temperature of around 258C.

In¯uence of buffer molarity and pH (not shown): AANAT
activity was 15-fold (retina) and 2-fold (pineal) higher in
0.2 M phosphate buffer than in 0.1 M buffer. A further
increase in molarity resulted in a 2-fold (0.3 M) to a 4-fold
(0.4 M) decrease in enzyme activity. The effects of pH were

measured between pH 5.5 and 8, at a ®xed molarity of
0.2 M. Activity was the highest at a pH of 6 in both tissues
and was nearly undetectable at pH 7 and above.

AANAT activity as a function of acetyl-CoA concentration
(Fig. 3): Acetyl-CoA concentration was varied in the
presence of 0.3 mM (retina) or 10 mM (pineal organ)
tryptamine. The resulting experimental data ®t the Michae-
lis±Menten equation both in the retina and in the pineal.
These values were in good agreement with those obtained
after transformation of the data by plotting S/V� f(S), both
in the retina (Vmax� 1.79� 0.14 pmol/h/ìg protein, Km�
0.09� 0.03 mM) and in the pineal (Vmax� 1.19� 0.07
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Fig. 1. AANAT activity as a function of time. Homogenates were
incubated in the presence of 0.5 mM acetyl-CoA and 4 mCi/mmol
[3H]acetyl-CoA, at 258C and 0.3 mM tryptamine (retina) or 128C and
10 mM tryptamine (pineal).
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Fig. 2. AANAT activity as a function of temperature. Pineal and retinal
homogenates were incubated for 40 min in the presence of 0.5 mM
acetyl-CoA and 4 mCi/mmol [3H]acetyl-CoA. Tryptamine concentration
was 0.3 mM (retina) or 10 mM (pineal).

NEUROREPORT A. BENYASSI ET AL.

256 Vol 11 No 2 7 February 2000



pmol/ h/ìg protein, Km� 0.07� 0.017 mM); after transfor-
mation a single straight line was obtained (r2� 0.99 for
both the retina and the pineal).

AANAT activity as a function of tryptamine concentration
(Fig. 4): Data for the pineal organ ®tted poorly to the
Michaelis±Menten equation (r2� 0.86). Transformation ac-
cording to the S/V� f(S) function suggested the presence
of two components. The ®rst had an apparent Vmax and
Km of 0.83� 0.05 pmol/h/ìg protein and 0.08� 0.05 mM,
respectively; the second had an apparent Vmax of
4.08� 0.05 pmol/h/ìg protein and an apparent Km of
7.8� 0.16 mM.

In the retina, AANAT activity as a function of trypta-
mine concentration did not follow the Michaelis±Menten
equation. After an initial increase in activity up to 0.3 mM
tryptamine, further increase in tryptamine concentration
resulted in a decreased activity up to 2.5 mM; activity did

not change signi®cantly at higher tryptamine concentra-
tions. The apparent Vmax and Km, deduced from the S/
V� f(S) transformation of the data were 4.86� 0.108 pmol/
h/ìg protein and 0.19� 0.42 mM, respectively. The result
of the transformation of the data according to the 1/
V� f(1/S) function suggested competitive inhibition at
high substrate concentration (not shown). The inhibition
constant was estimated from the exponential decay part of
the curve in Fig. 4; the apparent Ki was 1.16� 0.34 mM.
When the apparent Km and Ki were ®xed at the above
values, the equation of Haldane ®t the experimental data
before the plateau was reached but not after, suggesting
that inhibition was never total. The equation of Haldane
accounts for an inhibition by high substrate concentration
[9].

AANAT activity as a function of phenylethylamine con-
centration (Fig. 5): Acetylation of phenylethylamine
(PEA) by pineal homogenates was not detected. Conver-
sely, acetylation of PEA in the presence of retinal extracts
followed the Michaelis±Menten equation (Vmax�
6.73� 0.22 pmol/h/ìg protein, Km� 5.24� 0.53 mM).

DISCUSSION
The studies reported here are important for two reasons.
First, they indicate that the characteristics of trout and pike
AANAT-1, the enzyme expressed in the retina of these
species, are generally similar; and that those of trout and
pike AANAT-2, the enzyme expressed in the pineal organs
of these species are similar (Table 1). This indicates that the
reported differences between pike AANAT-1 and AANAT-
2 [4,5] do not re¯ect unique species differences. Rather,
these differences are also seen in the trout, and appear to
represent reliable identifying characteristics of the proteins
encoded by the different genes.

The second reason these studies are important are that
they establish a distinctly different set of optimal assay
conditions for the detection of trout AANAT-1 and for
detection of trout AANAT-2 activity (Table 1). The most
notable differences are seen in the following characteristics:
relative ability to acetylate phenylethylamine, optimal pH,
optimal temperature, optimal buffer concentration, and

0.0 0.5 1.0 1.5 2.0
AcetylCoA (mM)

0.0

0.3

0.6

0.9

1.2

1.5

1.8
A

A
N

A
T

 (
pm

ol
/h

/µ
g 

pr
ot

)
Retina

Pineal

0.0 0.5 1.0 1.5 2.0
S

0.0

0.5

1.0

1.5

2.0

S/
V

Fig. 3. AANAT activity as a function of acetyl-CoA concentration.
Homogenates were incubated for 40 min at 258C and 0.3 mM tryptamine
(retina) or 128C and 10 mM tryptamine (pineal). Inset: S/V against S plot.
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Fig. 4. AANAT activity as a function of tryptamine concentration.
Homogenates were incubated for 40 min at 258C (retina) or 128C
(pineal), in the presence of 0.5 mM acetyl-CoA and 4 mCi/mmol
[3H]acetyl-CoA. The dash-dot-dash line, associated with the retinal data,
corresponds to the hypothetical curve obtained when the data were
®tted to the Haldane equation (V�Vmax/(1�Km/S�S/Ki)) using the
Km and Ki estimates as indicated in the text.
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Fig. 5. AANAT activity as a function of phenylethylamine concentra-
tion. Retinal homogenates were incubated (40 min) at 258C in the
presence of 0.5 mM acetyl-CoA and 4 mCi/mmol [3H]acetyl-CoA. Inset:
S/V against S plot.
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substrate inhibition with tryptamine. With these estab-
lished, it will be possible to initiate analysis of the
physiological regulation of trout pineal and retinal AA-
NAT activity in a meaningful manner.

CONCLUSION
The ®rst indication that two AANAT enzymes are present
in vertebrates was obtained in the pike [4,7]. This study
adds to previous information suggesting that a similar
situation occurs in the trout [5,6], making it clear that the
dominant form of AANAT expressed in the trout retina
belongs to the AANAT-1 gene subfamily and that ex-
pressed in the trout pineal organ belongs to the AANAT-2
subfamily (Table 1). This study has identi®ed ideal condi-
tions to assay AANAT activity in the trout pineal organ
and retina, which differ signi®cantly in temperature and
tryptamine concentration. This information will be useful
in future studies of the regulation of AANAT activity in
the trout. The differences in characteristics of the forms of

enzymes expressed in the pineal organ and retina might be
related to the fact that ocular melatonin serves local func-
tions, whereas pineal melatonin has neurohormonal prop-
erties.
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Table 1. Comparison of the kinetic characteristics of arylalkylamine N-acetyltransferases
(AANAT-1 and AANAT-2) in the trout and pike.

AANAT-1 AANAT-2

Trout
retina

Pike
retina
[4]

Pike
recombinant
[7]

Trout
pineal

Pike
pineal
[4]

Pike
recombinant
[7]

Optimum pH 6 6 nd 6 6 nd
Optimum molarity (M) 0.2 0.2 nd 0.2 0.2 nd
Optimum temperature (8C) 25 37 37 12 18 18
Km Acetyl-CoA (mM) 0.09 0.1 nd 0.07 0.3 nd
Acetylation

Tryptamine � � � � � �
PEA � � � ÿ ÿ ÿ

Km (mM)
Tryptamine 0.19 0.12 0.02 7.8 7.5 7
PEA 5.24 nd 0.9 na na na

Substrate inhibition
Tryptamine � � � ÿ ÿ ÿ
PEA ÿ ÿ ÿ na na na

PEA: phenylethylamine; nd: not determined; na: not applicable.
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